Summary. The effects of moderate exercise of 2-h duration on the concentration and turnover rate of total ketone bodies were assessed in 7 acutely insulin-deprived Type I (insulindependent) diabetic patients with an isotope tracer technique using a constant infusion of 14C-fl-hydroxybutyrate. These results were compared to those obtained in 13 normal control subjects in whom a similar range of hyperketonaemia (-,. 1-6 mmol/1) was induced by fasting. In all subjects, the concentration and the rate of production of ketone bodies followed a biphasic pattern with an initial fall lasting for about 20 min followed by a secondary rise. When integrated over the entire working period, the exercise-induced changes in ketone turnover were markedly dependent on the initial ketone body concentrations in both groups: at low ketonaemia (-,. 1 mmol/1), exercise increased the rate of production and disposal of ketones. These effects were progressively attenuated as basal ketonaemia rose and were reversed to an inhibitory action in markedly ketotic subjects (> 4 mmol/1). Despite the finding that, at high ketosis, exercise inhibited ketogenesis to a similar degree in control subjects and diabetic patients, the changes in concentration recorded at the end of exercise were different in the 2 groups: ketonaemia was reduced in fasted control subjects and increased in the diabetic patients. These data suggest that, contrary to a widely accepted opinion, the hyperketonaemic effect of prolonged exercise in ketotic diabetic patients does not result from an exaggerated stimulation of ketogenesis, but from some defect in their removal capacities for ketones, possibly related to insulinopenia.
The metabolic effects of exercise in Type 1 (insulin-dependent) diabetic patients depend on a variety of factors, among which the patient's state of glycaemic control and the time elapsed since the last insulin injection play essential roles. When exercise is performed by a patient under good metabolic control shortly after a subcutaneous insulin injection, there is a subnormal rise in fat-derived substrates and a fall in blood glucose which can lead to severe hypoglycaemia [1] . On the other hand, in ketotic hyperglycaemic insulin-deprived diabetic patients exercise provokes a further elevation in glucose and ketone body levels [2] . The mechanisms responsible for the hyperglycaemic action of work observed under these conditions have been carefully investigated in human and animal studies [1, 3, 4] , whereas the data concerning the changes in ketone body (KB) transport are much more scarce. Furthermore, the response of ketotic diabetic patients has been compared to that of non-ketotic normal control subjects which is, in our view, an inappropriate comparison [5] [6] [7] . Indeed, we have recently shown [8] that, in fasted subjects, the response of KB kinetics to exercise is highly dependent on the initial value of ketonaemia.
The present study was consequently undertaken to analyze the effects of exercise on KB transport in insulin-deprived Type I diabetic patients, and to compare them with those obtained previously [8] in normal subjects with a similar degree of ketosis induced by fasting.
Subjects and methods

Subjects and study design
Seven Type t diabetic patients whose clinical and laboratory characteristics are recorded in Table 1 volunteered for the study. None of the patients had clinical signs of neuropathy or arteriopathy. The purpose, nature and potential risks of all the procedures used were carefully explained to the patients before obtaining their written con-sent to participate. The experimental protocol was approved by the institutional Ethics Committee.
All patients received their last subcutaneous injection of intermediate-acting insulin 49-50 h before the study; only three of the patients (2, 4, 7) had a last subcutaneous injection of regular insulin 33-39 h before the study. The subjects were admitted to the hospital on the day preceding the experiment, a few hours after breakfast. On their arrival, an intravenous insulin infusion was immediately set up in order to restore plasma glucose to normal. During the rest of the day the patients received their usual meals, and the insulin infusion rate was adjusted hourly to maintain near euglycaemia. The intravenous insulin infusion was discontinued during the night between 02.00 and 05.00 hours. From this time onwards, ketonuria and glycosuria were determined on each micturation. The study was begun when a significant ketonaemia (Acetest+ +to + + +) appeared. At that time a constant infusion of potassium I3-14C]-D-fl-hydroxybutyrate (New England Nuclear, Boston, Mass, USA) diluted in saline was begun and delivered at the rate of 0.72 + 0.02 ~tCi/min through a small catheter inserted in an antecubital vein. The infusion, which lasted for 210 min, was preceeded by a priming dose representing 76 times the amount infused per min. After 90 min rest, the patients were exercised on a treadmill at a constant intensity representing 49-55% of their maximal aerobic capacity [9] . Venous blood samples were obtained during the last 30 min of rest, the 120 rain of exercise and a 60-min postexercise period through an indwelling catheter located in an antecubital vein of the arm opposite to that used for the tracer infusion. The schedule of blood sampling is shown in Figure 1 . The tracer infusion was discontinued at the end of exercise so that turnover data were not available for the postexercise recovery period. The subjects voided before the start of the study, and urine was collected at the end of the experiment.
This protocol is identical to that used in a previous study [8] in which we analyzed the response to exercise of 21 normal subjects presenting fasting ketosis ranging between 0.09 and 6.16 mmol/1. The 13 subjects of this group whose total KB levels exceeded 0.6 mmol/1 have been selected to serve as controls for the present work on ketotic diabetic patients, and their basal metabolic characteristics are displayed in Table 1 . TaMe 1. Characteristics of Type 1 diabetic patients and control subjects Methods Acetoacetate, fl-hydroxybutyrate, glycerol and glucose (glucose-oxidase method) concentrations were determined on a neutralized perchloric acid filtrate of plasma using standard enzymic methods [10] . Non-esterified fatty acids (NEFA) [11] , insulin (Phadebas insulin test, Uppsala, Sweden), cortisol (Gamma-coat cortisol radioimmunoassay kit, Travenol, Cambridge, Mass, USA) and growth hormone [12] were measured on heparinized plasma, while plasma for glucagon determination [13] was collected on sodium EDTA containing aprotinin. 14C-acetoacetate and 14C-fl-hydroxybutyrate concentrations were assayed on the perchloric filtrates according to the slightly modified method of Mayes and Felts [14, 15] . The rate of appearance (Ra) and the total rate of disposal of total KB were calculated in the nonsteady state according to be equations developed by Steele [15] using the combined specific activities of acetoacetate and fl-hydroxybutyrate. The ratio of these specific activities was not significantly different from unity in either group at rest or at exercise, indicating that the two compounds were in isotopic equilibrium. It was assumed that the "operational" volume of distribution repre~ sents 10% of body weight [17] . The methodological problems inherent in this calculation procedure have been widely discussed in sew eral of our previous publications [8, 17, 18] . The urinary elimination of KB was subtracted from the total rate of disposal to yield the metabolic disposal rate (Rd). Turnover values have been normalized to a body surface of 1.73 m 2.
Statistical analysis
Results are given as means + SEM. Within each group, the statistical significance of the changes from mean basal value induced by exercise was evaluated at each time-point by paired Student's t-tests. Comparison between groups of the changes from mean basal value was made for the following periods: 0-30 min, 30-90 min, end of exercise and postexercise period (0-60 min), except for Ra and Rd, for which the comparison was limited to the 0-30 min and 30-90 min periods, data for later periods not being available in all subjects. For this purpose, each set of data was submitted to a two-way analysis of All subjects were male except diabetic patient 3. The control subjects were taken from a previous study [8] a Subjects selected on the basis of their ketonaemia to serve as control subjects for diabetic patients 2-7 in Figures 1 and 2 variance. The model considered includes a fixed grouping factor at two levels (control subjects and diabetic patients), a fixed within factor ("time") and their interaction. Computations have been performed with the use of the BMPD Statistical Software, BMDP2V program [19] . Linear regression and covariance analysis for evaluating differences between slopes of regression lines have been performed according to standard statistical methods [20] . A p value of< 0.05 was considered statistically significant.
Results
Resting state Figure 1 represents the mean substrate and hormone concentrations obtained at rest, during and after exercise for the 6 most ketotic diabetic patients (2-7) compared to 6 nonual fasted subjects. The latter were selected from those presented in Table 1 so that both their individual and their mean total KB level would match as closely as possible those of the diabetic patients.
In the resting state, the mean total KB concentration (and range) was 4.31 (3.15-6.33)mmol/1 for the diabetic patients and 4.18 (2.84-5.83)mmol/1 for the control subjects. The average resting levels of NEFA, glycerol, lactate, glucagon, growth hormone and cortisol were also quite comparable in both groups (Fig. 1) . The turnover rate of total KB (not shown in Fig. 1 ) was 1.61 (1.04-2.10) mmol/min in the diabetic patients versus 1.36 (1.11-1.97) mmol/min in the normal subjects. For none of the above-mentioned parameters was there any statistically significant difference between the two groups. The average plasma glucose level was 17.6 (14.4-20.8) mmol/1 in the diabetic patients, and they had unmeasurable plasma levels of C-peptide.
Exercise period
Substrate and hormone concentrations. The exercise test was well tolerated until the end by the diabetic patients except in subjects 5 and 7, in whom work was interruped after 90 min owing to slight nausea and fatigue. These symptoms disappeared on cessation of work so that the experiment could be pursued normally during the postexercise period. In Figure 1 , the last exercise value represents the mean of those obtained at 120 min in four patients and at 90 min in two patients.
In diabetic patients ( Fig. 1 ), exercise induced a slow rise in acetoacetate concentration which persisted during the post-exercise, period. The increments above mean basal value recorded at the end of exercise and after 1 h of postexercise recovery amounted respectively to +0.56+0.07 mmol/1 (p<0.001) and +0.77+ 0.05 mmol/1 (p <0.001). tn contrast, fl-hydroxybutyrate concentration followed a biphasic pattern with an initial fall averaging -0.57 _ 0.16 mmol/1 (p < 0.02) at 20 rain followed by a secondary rise, the average increment above mean basal level amounting to +0.61 + 
end O~ exerclsr TiME (rnin) Fig. 1 . Substrate and hormone concentrations during and after exercise in 6 ketotic Type I diabetic patients and 6 fasted normal subjects presenting a similar degree of ketosis. The mean value at end of exercise was calculated from the data obtained at 120 min in 4 patients and at 90 min in 2 patients. Asterisks indicate statistically significant changes from mean basal value (/9<0.05). ACAC: acetoacetate; flOHB: fl-hydroxybutyrate; TKB: total ketone bodies; NEFA: nonesterified fatty acids 0.09 mmol/1 (p <0.01) at termination of work and + 2.37 +_. 0.18 mmol/1 (p < 0.01) after a recovery time of 60 min. Total KB levels paralleled those of fl-hydroxybutyrate, but the changes from mean basal values were statistically significant only during the last 30 min of work and the postexercise period (Fig. 1) . The pattern of changes in ketonaemia observed in diabetic patients was qualitatively comparable to that observed in the fasted control subjects. However, in the latter group the initial fall in total KB concentration was more pronounced and statistically significant (p < 0.005), whereas the Subsequent increase in ketonaemia reached statistical significance (p < 0.01) only during the postexercise period (Fig.l) Glucose level increased significantly during and after work in diabetic patients (+6.33 +1.22 mmol/1 at 180 min; p < 0.005), whereas it remained unchanged in control subjects, the difference between the 2 groups being statistically significant (p<0.001) during the whole test from min 30 onwards. The exercise-and postexercise-induced changes in NEFA, glycerol and lactate concentrations did not differ statistically between groups. C-peptide level remained undetectable in diabetic patients during and after exercise and exhibited a slight rebound after cessation of work in the control subjects, paralleling the changes in insulin levels. Glucagon, growth hormone and cortisol levels were similarly affected by work in both groups, but the rise in glucagon was statistically significant (p < 0.05) only in the diabetic patients. Comparison between groups for the various hormonal changes showed no statistically significant difference whatever the experimental period considered. Figure 2 compares in the same two groups the changes in Ra and Rd observed during the initial 90 min of exercise. This time limit was imposed by the fact that, as mentioned earlier, 2 of the diabetic patients did not exercise longer than 90 min. In both groups, the fall in total KB concentration observed during the initial 20 min of work was due to the combination of a decrease in Ra (-,--0.2 mmol/min) and an increase in Rd (-,~ + 0.1 mmol/min). These initial changes from baseline value were statistically significant (p < 0.05) except for the rise in Rd in diabetie patients. After this initial period, the secondary rise in total KB levels observed in both groups resulted from a progressive increase in Ra and a variable fall in Rd, Although A Ra and A Rd recorded during the 30-90 min period were not significantly different between groups, the stimulation of ketogenesis tended to be less marked and the inhibition of Rd more marked in the diabetic group. Urinary loss of total KB averaged 2.4+ 0.7% of total disposal rate in the diabetic patients, versus 2.5 +0.6% in the fasted control subjects.
Ketone body kinetics.
The mode of presentation used in Figure 2 has the advantage of showing the temporal evolution of the kinetic changes induced by exercise. However, it has a major drawback. Indeed, the two groups are composed of subjects with quite variable degrees of hyperketonaemia. In agreement with previous observations [8] , this causes a great heterogeneity in KB response to work. Under these conditions, the averaging of the data tends to obscure the differences between normal subjects and diabetic patients. In order to analyze the results on the basis of individual data (Fig. 3) , we calculated for all diabetic patients and control subjects of Table I the integrated changes in Ra and Rd over the initial 90 rain of work. These integrated data, as well as the changes in KB concentration recorded at 90 min, were then correlated to pre-exercise ketonaemia. Figure 3 shows that in the diabetic patients as well as in the control subjects, ARa and ARd are negatively correlated with basal ketonaemia. For both parameters, the stimutatory effect of work observed at low KB levels is reversed to an inhibitory effect when initial ketonaemia exceeds a critical level of about 4 mmo]/l. Covariance analysis indicates that the slopes and elevations of the regression lines characterizing the relationships between ARa and ARd on one hand and basal ketonaemia on the other hand were not significantly different for diabetic patients as compared to fasting control subjects (Fig. 3) . On the other hand, the negative relationship between A KB concentration and basal ketonaemia observed in control subjects does not apply to diabetic patients in whom AKB tends to be positively correlated with pre-exercise KB levels, the slopes of the 2 regression lines being significantly different (p < 0.01).
In both groups the absence of relationship between exercise-induced A NEFA and A glycerol on one hand, and basal ketonaemia on the other hand (Fig. 4) , indi- Basal Kefonaemia (minor/t) Fig.4 . Relationship between the exercise-induced changes in nonesterified fatty acid (ANEFA) and glycerol (z~glycerol) concentrations on one hand and basal ketonaemia on the other hand. control fasted subjects; O 9 -O Type 1 diabetic patients. A NEFA and Aglycerol represent the integrated incremental concentrations over 90 rnin of exercise. Correlation coefficients: ANEFA: control subjects: r= -0.19; diabetic patients: r= +0.31. Aglycerol: control subjects: r= +0.48; diabetic patients: r= +0.46. None of the correlation coefficients was significantly different from zero at the 0.05 level cates that the extent to which adipose tissue lipolysis was stimulated by work is independent of the initial KB level under our experimental conditions.
Discussion
This study analyzes the response of total KB turnover to moderate exercise in ketotic diabetic subjects. Six of the seven Type 1 diabetic patients studied (Table 1) had unmeasurable plasma levels of C-peptide; according to the design of the study, it can be anticipated that they were free of any residual subcutaneous insulin depot that could be released during the course of the study. Only the least ketotic patient had some residual insulin secretory capacity, but the C-peptide level was very low despite significant hyperglycaemia, and it did not change during exercise.
In the resting state, when compared at the same ketonaemia, the turnover rate of total KB are quite similar in diabetic patients and fasted normal control subjects. This confirms our earlier observation made on a much larger sample of normal subjects and diabetic patients [21] . Interestingly, this similarity also applies to the concentration of the other substrates and hormones (Fig. 1) , except for glucose and C-peptide.
During exercise, the time course of the changes in Ra in diabetic patients and control subjects (Fig. 2) is characterized by an initial fall lasting for about 20 min, followed by a secondary rise. As discussed elsewhere [8] , this biphasic pattern might be explained by the following mechanisms: the initial decrease in Ra occurs before any significant change in NEFA levels and is probably related to a decrease in the hepatic NEFA load that results from the exercise-induced reduction in splanchnic blood flow [6] . Subsequently, despite the persistant inhibition in splanchnic blood flow, Ra is stimulated by the combined effects of the rise in NE-FA concentration and the enhancement of the ketogenic capacity of the liver associated with work [5, 7] . Although this biphasic evolution of Ra applies to all degrees of hyperketonaemia examined in this study, it should be noted that the higher the initial hyperketonaemia, the less Ra is stimulated in late exercise, so that the changes in Ra integrated over the working period are negatively correlated with basal ketonaemia. According to Figure 3 , the KB concentration at which the overall stimulatory effect of a 90-min exercise on ketogenesis is reversed to an inhibitory action approximates 4 mmol/1 in diabetic patients as well as in normal fasted subjects. The explanation for this negative relationship is not readily apparent. Obviously it cannot be accounted for by differences in NEFA response because the intensity of the lipolytic response to work was unrelated to basal ketonaemia within the range of ketosis investigated in the present study (Fig.4) . We would like to hypothesize that this process is largely mediated by the fact that the degree of stimulation of the ketogenic capacity of the liver by exercise probably depends on the initial KB level. It has been shown in the resting state, that the hepatic fractional conversion of NEFA to ketones increases with ketonaemia, amounting to about 40-60% at 1-2 mmol/1 [6] [7] and 80-90% when ketonaemia exceeds 4 mmol/1 [5, 22] . This fractional conversion is stimulated by work and approaches 100% in exercising diabetic patients with a ketonaemia of 1 mmol/1 or more [7] . Therefore, the most ketotic diabetic patients are probably unable to augment significantly their intrahepatic conversion of NEFA to ketones during exercise because it is already near maximum at rest. In this perspective, the overall modulation of Ra by exercise could be viewed as follows: at the exercise intensity used in this study, the splanchnic blood flow is divided by a factor of about 2 [23] . Since the average increase in NEFA concentration during 90 min of work does not exceed 60%, the overall effect of exercise must have been to significantly reduce NEFA delivery to the liver in all our diabetic patients. This would tend to inhibit ketogenesis at work, but it is variably antagonized by the exercise-induced stimulation of the fractional conversion of NEFA to ketones. On the whole the balance between these two opposite processes favors an enhancement of ketogenesis by exercise at low ketonaemia and its inhibition at high ketosis.
Despite the fact that the negative relationship between the exercise-induced changes in Ra and basal ketonaemia are similar in normal subjects and diabetic patients (Fig. 3) , the response of concentration to exercise differs between groups. In the control subjects, concentration is negatively correlated to basal ketonaemia, which suggests that in this group the changes in concentration are mainly influenced by the changes in Ra. On the contrary, in diabetic patients A concentra-303 tion tends to be positively correlated to basal ketonaemia, suggesting that the hyperketonaemic action of exercise in uncontrolled diabetic patients cannot be accounted for by an exaggerated stimulation of ketogenesis. The hyperketonaemic effect of exercise in ketotic diabetic patients must therefore originate in some defect in the removal mechanisms for ketones, exhibiting in diabetic patients a greater imbalance between production and uptake. This is not inconsistent with the observation that Rd is depressed at high ketosis in diabetic patients, as it is in normal subjects. Simply, the mechanism responsible for this inhibition is different in the two groups: in fasted subjects, the fall in Rd can be accounted for by the fall in concentration; in diabetic subjects, Rd decreases despite a rise in concentration, which implies a reduction in the ability of tissues to take up ketones.
The mechanism of the accelerated development of postexercise hyperketonaemia observed in the diabetic patients cannot be fully discussed because KB turnover data are not available for this period. The finding that in comparison with control subjects, diabetic patients tend to maintain more elevated levels of NEFA, glucagon and cortisol for at least one hour after exercise, suggests that the postexercise recovery period is characterized by a more ketogenic environment in the diabetic patients. This difference should be reinforced by the likely absence in the diabetic patients of the postexercise rebound in insulin concentration seen in the control subjects.
The hyperketonaemic effect of prolonged exercise in ketotic diabetic patients is a well recognized phenomenon [1, 24] , and our present results are in complete agreement with this notion. It is generally stated that this abnormal response of diabetic patients results from an exaggerated stimulation of ketogenesis [4, 5, 7, 25, 26] , but in reality there are very few experimental data to support this concept. Wahren et al. [5, 7] , using the hepatic catheterization technique, have shown that the increase in KB production induced by prolonged exercise is exaggerated in the diabetic patients as compared to control overnight fasted subjects, and that the ketogenic response is more pronounced in ketotic than in nonketotic patients. There are at least two reasons why these authors came to conclusions opposite ours with regard to the regulation of ketogenesis in diabetic patients at work. Firstly, it is probable that their patients were less completely deprived of insulin than ours at the time of the study: the shorter delay between the last subcutaneous insulin injection and the experiment, the absence of hyperglycaemic effect of work and the finding that the rise in NEFA was smaller in diabetic patients than in normal control subjects are in favour of this hypothesis. Secondly, they did not compare the pathologic ketosis of diabetes with the physiologic ketosis of fasting at a similar degree of hy~ perketonaemia. As shown in previous work from our laboratory, this precaution is essential for a correct in-terpretation of the effects of exercise on KB metabolism, the response to work being highly dependent on the initial degree of ketosis [8] .
In conclusion, when insulin-deprived, insulin-dependent diabetic patients with a variable degree of hyperketonaemia are submitted to moderate exercise of 120-min duration, their KB metabolism is modified in a manner very similar to that of control fasted subjects matched for ketonaemia. In both groups, at low ketonaemia, exercise stimulates the rate of production and the rate of disposal of ketones. These effects are progressively attenuated as basal ketonaemia rises and are even reversed in markedly ketotic patients. However, ketotic diabetic patients exhibit an abnormal response in increasing their ketonaemia above basal level during the second hour of exercise, a phenomenon not observed in the control subjects. Contrary to the prevailing opinion, this does not seem to result from an exaggerated increase in ketogenesis, but from a slight removal defect possibly related to insulinopenia [27] . It should be emphasized that this conclusion applies to the specific experimental conditions used in this study regarding the duration and intensity of exercise.
